Nanoplasmonic systems are valued for their strong optical response and their small size. Most plasmonic sensors and systems to date have been rigid and passive. However, rendering these structures dynamic opens new possibilities for applications. Here we demonstrate that dynamic plasmonic nanoparticles can be used as mechanical sensors to selectively probe the rheological properties of a fluid in situ at the nanoscale and in microscopic volumes. We fabricate chiral magneto-plasmonic nanocolloids that can be actuated by an external magnetic field, which in turn allows for the direct and fast modulation of their distinct optical response.
chiroptical effects many orders of magnitude stronger than what is observed in molecules 9, 16, 17 . These multifunctional nanoparticles promise new capabilities in sensing 18, 19 .
One particularly challenging application is the measurement of rheological properties in complex fluids. Such systems contain a mixture of multiple phases; for instance, many biological fluids contain solids consisting of isolated microparticles or a network of macromolecules suspended in a fluid phase 20 . Because of the solid phase, macroscopic rheological measurements will generally show non-Newtonian viscoelastic behavior even if the liquid phase is a simple Newtonian fluid 21 . For instance, the viscosity of blood plasma is a crucial indicator for clinical diagnoses 22, 23 , but cannot be determined in whole blood due to the presence of leukocytes (10-15 µm) and erythrocytes (6-8 µm) 24, 25 . Furthermore, the solid phase in complex fluids, such as blood cells, contributes to absorption and scattering which complicate optical measurements.
By combining multiple materials and shape control, we here introduce chiral magnetoplasmonic structures that can be actuated in solution. Since the chiroptical spectrum depends on the alignment of the chiral structure (Figure 1a ), we can achieve chiroptical switching and exploit it for nanorheological measurements using picomolar probe concentrations. The scheme works by using the modulated chiroptical signal to measure the phase lag between the applied field and the particle's orientation and thereby determine the torque applied to the particles (Figure 1c ). The chiral shape permits background-free differential absorption measurements even in whole blood, where conventional plasmonic absorption measurements would be impossible due to the large background optical extinction (optical density~3).
Because the active plasmonic nanostructures are much smaller than the suspended microparticles (cells), they probe only the fluid phase -in the case of blood, the blood plasma ( Figure 1b ) -and unlike macroscale instruments are insensitive to the solid phase even at very high volume fractions. Such an in situ observations of the fluid viscosity would not be possible with a conventional rheometer or viscometer, which typically requires much larger volumes of the target fluid (> 10 mL).
Active plasmonic systems have recently been developed by controlling either the electromagnetic radiation applied to the metallic nanostructure [26] [27] [28] [29] or the dynamics of the nanostructures [30] [31] [32] [33] [34] . However, to the best of our knowledge, there are no plasmonic systems that can be switched repeatedly at high frequency and that satisfy the minimum requirements for in situ active nanorheology in a complex fluid: (1) a distinguishable optical contrast despite strong extinction (and no bleaching), (2) small size relative to the suspended microparticles (e.g. erythrocytes) 35, 36 , and (3) high nanoparticle monodispersity for a precise hydrodynamic response 37 . These criteria are satisfied by the ~170 nm magneto-plasmonic nanohelices shown in Figure 2 . Briefly, their fabrication is based on a published combination of block-copolymer micelle nanolithography (BCML) 38 and physical vapor glancing angle deposition (GLAD) 39 , which we term nanoGLAD 12 . BCML is used to form a quasi-hexagonal array of Au nanoparticles with diameter 12±2 nm and an interparticle distance ~100 nm on a silicon wafer. Vapors of elemental Au and Fe were then co-deposited in a 1:1.5 ratio onto the nano-patterned substrate using a dual e-beam system to generate an array of Au-Fe nanohelices. Sonication in a fluid readily detaches the helices from the wafer to yield the nanocolloidal suspension used in our experiments, Figure 2a -b. Details of the geometry and material composition are given in Supporting Information Note S1. Magnetic actuation of the nanoparticles is possible due to the presence of Fe (Figure 2c ). Superconducting quantum interference device (SQUID) magnetometry was carried out on the array of Au-Fe nanohelices when they were still attached to the wafer. As expected, the helices display ferromagnetic behavior, having a coercive field of 29.5 mT and a remanence of 1.2 × 10 ିଵସ emu per single helix, as seen in Figure 2d .
In dilute suspensions, where the inter-particle separations are large, the nanoparticles will independently undergo Brownian motion and thus maintain random orientations in space. In this isotropic state, the optical response is simply given by the average response across all possible nanoparticle orientations. The optical properties of a suspension containing the nanohelices in the unaligned, isotropic state are summarized in Figure 2e . The extinction spectrum, measured by UV-VIS-NIR spectrometry, shows a wide featureless spectrum typical of mixing a lossy material (Fe) with the plasmonic metal Au 40, 41 . However, the power of circular dichroism (CD) spectroscopy is apparent in the strong, sharp chiroptical response of the Au-Fe nanohelix metafluid. At a peak wavelength of 690 nm, it exhibits a molar CD = ~14×10 9 o ·M -1 ·cm -1 , stronger than that observed for other chiral assembled plasmonic systems 11, [42] [43] [44] . Complex fluids, such as blood, whose rheology we set out to measure generally show no measurable chiroptical response of their own in this spectral region 45 . Thus the chiroptical spectrum of chiral nanoparticles dispersed in such media is not affected by the background extinction from the fluid and can be 'seen', even in the presence of absorbers and strong scatterers.
Application of an external field causes alignment of the magnetic particles due to the natural magnetic anisotropy along the long axis of the helix 46 . In the static regime, a weakly ferromagnetic Au-Fe nanohelix will orient so that its magnetic moment m, and hence its body, lies parallel to the magnetic field, ۰. However it retains rotational freedom to spin about its body-axes. The optical response of an asymmetric particle depends on its orientation relative to the wave vector ‫ܓ‬ of the incoming beam. For linearly polarized light the optical response will be a function of two angles: ߠ between ۰ and ‫ܓ‬ (assuming that B B B B||m m m m) and the angle between ۰ and the plane of polarization. However, since circularly polarized light possesses no plane of polarization, the chiroptical response measured by CD spectroscopy will be a function of only the single parameter ߠ . Thus, in the chiral metafluid, the magnetic modulation effectively switches the isotropic medium into a uniaxial one, where the principal axis is defined by the magnetic field direction.
In our experiments, the orientation of the Au-Fe nanohelices in solution was modulated by an external magnetic field generated by a gradient-free 3D Helmholtz coil (See Figure S1 ).
Based on the magnetic moment per particle, the minimum field strength to achieve orientational alignment is expected to be only ~0.4 mT at room temperature (See Supporting Information Note S2). Thus, the experiments were conducted with magnetic fields |۰| > 0.4 mT (approx. 10 times Earth's magnetic field) to ensure alignment of the nanocolloids. Higher fields can exert stronger torques. Since a gradient-free field was used, the translational diffusion of the particles was unaffected, even as the rotational diffusion was suppressed.
Real-time direct observation of the colloidal nanohelices was performed with dark-field optical microscopy (see Supporting Information Note S3). The image panels in Figure 3a show consecutive dark-field images of a single Au-Fe nanohelix captured during continuous in-plane rotation driven by the applied magnetic field (۰ = 5 mT with ݂ = 1 Hz, in a 50% glycerol-water mixture). The features of the helix are too small to be resolved so it appears as an elongated ellipse; crucially, the ellipse axis, which corresponds to the helix axis, rotates in alignment with the magnetic field direction. Thus, the magnetic moment of the nanohelix allows an external magnetic field of this strength to control its orientation.
The effect of the nanocolloids' orientation on the chiroptical response was evaluated through CD spectra acquired at various magnetic field orientations. (See Figure S1b ). At ߠ = 0 o , the maximum molar CD of the Au-Fe nanohelices was ~36×10 9 o ·M -1 ·cm -1 (See Supporting Information Note S4). We characterize the effect through the differential circular dichroism ∆CD = CD(ߠ ) -<CD> to emphasize differences between CD(ߠ ), the signal with the magnetic field oriented at ߠ , and <CD> the isotropic case with ۰ = 0. The spectra in Figure 3a show the experimental ∆CD spectra in response to applied magnetic fields at 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 different orientations (See Figure S10 for full spectra). They show a clear modulation of the signal, with a symmetry that reflects the underlying symmetries of the particles and the imposed constraints. First, the spectra are invariant under π-rotation of ߠ due to the C 2 symmetry of the helix. Second, the helices' unconstrained degree of freedom about their axis means that CD(ߠ ) = CD(−ߠ ). Figure 3b shows the differential CD spectra displayed as 2D maps in terms of λ and ߠ . These results are in excellent agreement with numerical simulations using the discrete dipole approximation (See Figure 3c , and Supporting Information Note S5 for details of numerical calculation method). Figure 3d shows ∆CD profiles at wavelengths λ= 360 nm and 1,000 nm, where the ∆CD responses were minimal and maximal at θ B = 0° respectively, acquired with static magnetic fields at specified angles. For the long wavelength spectral curve at ߠ = 0 o , the CD is over 200 mdeg higher than in the isotropic state. With increasing ߠ the differential CD diminishes until it reaches a minimum at ߠ = 90 o . The λ = 360 nm curve follows the opposite trend. The two curves cross each other, and the ∆CD = 0 o axis at an angle of ~50 o . The lower panel of Figure 3d shows the corresponding results from numerical simulations. High frequency modulation of the magnetic field leads to rapid, synchronous and reversible modulation of the differential CD. Figure 3e shows the differential CD at 360 and 1000 nm in response to a magnetic field slowly rotating at ݂ = 1Hz in the plane of incidence. The dominant frequency component of the resulting optical modulation is at twice the drive frequency 2݂ because of the two-fold rotational symmetry observed in Figure 3a . Particles that lack C 2 symmetry, or have their axis of rotation misaligned with respect to the rotation axis of the magnetic field would contribute to intensity at ݂ in the discrete Fourier transform of the CD. The small component at ݂ , having a strength less than 30 dB below the dominant harmonic, attests to the uniformity of the nanohelices, and their high degree of magnetic alignment (see Figure   S11 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Switching the magneto-plasmonic nanohelices is the basis for their use as nanorheological probes that can operate even in complex fluid environments with strong absorption and a large volume fraction of scattering microparticles. We subject the magnetic helices to a rapidly rotating magnetic field and measure the phase and amplitude of the resulting CD signal. Figure 1c shows a helix rotating at an angular frequency ߱ in response to a magnetic field rotating at frequency ݂ . Viscous drag causes a phase lag ߶ between the rotating magnetic field and the particle's magnetic moment m, which is fixed to its orientation. 47 In the steady state, ߱ = 2ߨ݂ , the balance of torques means that the phase angle is related to the drive frequency according to 48 (see Supporting Information Note S6 for more details)
where ߯ is a constant describing the hydrodynamic shape of the nanohelix (߯ = 8ߨܴ ଷ for a sphere) 49 , ݉ is the magnetic remanence of a single Au-Fe nanohelix, and ߟ is the local viscosity. The key insight is that the modulated chiroptical signal reflects the particle's alignment m and can therefore be used to extract the otherwise unknown phase angle ߶.
Phase sensitive measurements of the CD in response to the rotating magnetic field at ۰ = 3 mT are shown in Figure 4a (see also Figure S12 ). For this only one operating wavelength is necessary so that we have selected the wavelength at λ = 880 nm, where the optical density is maximal among the target systems used for nanorheology in this Letter (e.g. Figure 5a ). At higher frequencies (> 50Hz) the viscous drag exceeds the magnetic torque and the nanohelices no longer rotate synchronously, but in the synchronous regime sin߶ is proportional to the frequency. As shown in Figure 4b , the slope ݀sin߶/݂݀ is itself linearly dependent on the dynamic viscosity of the medium (See Figure S13 for the results under different viscous conditions). So by calibrating the response in a series of glycerol-water mixtures with known viscosities we can recover the value for the sole free parameter, the shape constant ߯ = 1.35×10 7 nm 3 (see Supporting Information Note S6 for comparison with calculated values). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 This process allows the nanohelices to be used as calibrated probes of their local rheological environment.
Using the same experimental procedure, we measured the viscosities of complex fluids composed of different volume fractions of 8 µm polystyrene microspheres with a fluid phase of water or 20% glycerol-water. Adding the microspheres produces a slurry and leads to a dramatic increase in the sample's optical density, as seen in the left panel in Figure 4c , which rises from below OD 0.5 to OD ~2.5 (< 1% light transmittance) (see also Figure S14 ). Sample opacities this high normally make optical measurements challenging. Nevertheless, the CD response from the magneto-plasmonic nanohelices is still apparent (see right panel in Figure   4c ). The measured nanoscale viscosity ( Figure 4d ) shows no substantial change in response to the increase in the microsphere volume fraction v ୮ୱ but clearly distinguishes the differences in fluid phase viscosity between the water (red) and 20% glycerol (blue) samples. Figure 4e shows 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 60 Figure 5a ), but the CD response from the helices is still measureable through whole blood in the spectral range from ~600 nm to ~1,100 nm (right panel in Figure 5a ). One important consideration when using nanoparticles in real bio-fluids is the formation of protein coronas.
These diffuse shells of proteins aggregated around the nanoparticle can affect its dynamics 51, 52 . To minimize differences between samples of different hematocrit levels, we adopted a standardized procedure whereby the nanoparticles were mixed in pure blood plasma to develop the corona, before introducing the erythrocytes and then quickly performing the nanorheological measurement ( Figure S15 ). Control tests in phosphate buffer saline indicate that the colloids are stable over timescales longer than the 5 min it takes to make a rheological measurement (see Supplementary Fig. S16 ). Figure 5b shows the observed blood viscosities as a function of hematocrit concentration. Clear differences are apparent between the macrorheological measurements (blue and green), which rise with hematocrit percentage, and the nano-rheological measurements (red), which show a low and constant viscosity (e.g. p < 0.001 at 50% hematocrit, see also Figures S17-18 ). Such measurements therefore represent an novel means for observing blood plasma viscosity, an important indicator in the diagnosis of chronic disorders, malignancy, vascular diseases, hematological cancers, and cardiovascular diseases 22, 23 , without the need to first separate blood cells from whole blood.
We have demonstrated that chiral magneto-plasmonic particles can be used for nanorheological measurements. The combination of a magnetic and a plasmonic material in a chiral shape gives rise to distinct optical spectra that are a function of the nanocolloids' orientation in solution. A rotating magnetic field was used to actuate the nanocolloids and produce a modulated optical response. Such dynamically controllable chiroptical nanostructures have potential in their own right as nanoscale sensors, switches 18, 19, 43, 53 and probes of higher order quadrupolar interaction terms that would normally be undetectable because of orientational averaging 54 . Here we have demonstrated that the chiral nanohelices 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 function as wireless mechanical nanosensors capable of selectively measuring a fluid's viscosity even in the presence of scatterers and strong absorption, e.g. blood cells (50% volume fraction and OD~3). The presence of microparticles and cells can dominate any macroscopic rheological measurement, but they do not directly affect a nanorheological probe. Such optical (plasmonic) sensing methods could be appealing for medical applications, as they allow for non-invasive measurements. We therefore see 'in situ active nanorheology'
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METHODS
Block copolymer micelle nanolithography (BCML):
The hexagonal array of Au nanoparticles was prepared using block-copolymer micelle nanolithography as previously reported 38 
Preparation of colloidal solution:
The grown nanohelices were removed from the wafer by bath sonication of a wafer piece in an aqueous solution of 1 mM sodium citrate for ~2 min. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 nm and 1100 nm with 18 nm intervals based on the calculated dielectric function of Au-Fe with an atomic ratio of 1:1.5.
Fluid and blood sample preparation: Glycerol-water mixtures were prepared at concentrations of 0-50%. The viscosities were based on values found in Ref. 58 Small volume cuvettes (~ 300 µL) with 1 mm path lengths were used. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Notes: The authors declare no competing financial interests.
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